Abstract. The aim of the present study was to investigate whether prostaglandin E1 (PGE1), target temperature management (TTM) and a combined intervention involving the two would be beneficial as anti-inflammatory therapies for ischemia/reperfusion (I/R) injury to the renal microvascular endothelium of rats with return of spontaneous circulation (ROSC). In each group of rats with different interventions, following successful cardiopulmonary resuscitation, the levels of thrombomodulin (TM), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) in the plasma were evaluated. The expression of vascular endothelial (VE)-cadherin and vascular cell adhesion molecule-1 (VCAM-1) mRNA was analyzed in the kidney. Hematoxylin and eosin staining and VE-cadherin/vascular endothelial growth factor receptor double fluorescent immunohistochemistry staining were also performed. PGE1 improved tubular cell swelling and inflammatory cell infiltration. PGE1 also alleviated VE-cadherin protein loss in renal microvascular endothelium cells (RMECs), lowered the tubular injury score, decreased VE-cadherin and VCAM-1 mRNA expression, and markedly inhibited the release of TM (at 3 time points) and TNF-α (4 and 8 h; P<0.05). In addition to improving the renal tubular injury score and altering the concentration of TNF-α at 8 h, the effect of TTM was the same as PGE1 for the other indicators (P>0.05). The PGE1/TTM combined intervention significantly reduced IL-6 concentration at 8 h (P<0.05). The correlation analysis demonstrated that the peak TM and TNF-α levels (P<0.001, r=0.809), and IL-6 levels (P<0.001, r=0.792) were positively associated. PGE1 and TTM had a protective effect against I/R injury to the RMEC, while the PGE1/TTM combined intervention exhibited an increased synergistic effect as an anti-inflammatory treatment when compared with either of the single interventions.
Introduction
The mortality rate for out-of-hospital cardiac arrest (OHCA) is as high as 89%. Even if return of spontaneous circulation (ROSC) is successfully achieved, 50% of patients succumb to the disease prior to hospital discharge (1) . Ischemia/reperfusion (I/R) injury is a major concern in patients with cardiac arrest (CA). Endothelial cells are widely distributed and actively secrete multiple factors, including nitric oxide, endothelin 1 and prostacyclin, which are associated with vascular tension, blood coagulation and inflammation. Therefore, the endothelium has been recognized as an excellent target within the signal transduction mechanism of a number of diseases, and subsequently as a key therapeutic target for I/R injury (2) . During the reperfusion phase, the release of oxygen free radicals, cytokines, coagulants and complement-activation products leads to marked activation of the inflammatory response, with neutrophil adhesion to the endothelium and the induction of whole body I/R injury (3) .
A novel approach for post-CA therapies may improve clinical outcomes and so it has become one of the most important areas of focus in resuscitation science. The post-resuscitation abnormalities following CA observed are similar to the immunological and coagulation disorders exhibited in sepsis. Further investigations into anti-inflammation therapeutic approaches are required for patients following successful resuscitation. Previous studies have suggested that prostaglandin E1 (PGE1) may have anti-inflammatory roles due to weakening of leukocyte adhesion to the microvascular endothelium and lower tissue expression of some inflammatory markers involved in the I/R injury process (4) (5) (6) (7) (8) . Currently, TTM is recommended as one of the therapeutic strategies for patients with ROSC following CA by the American Heart Association (9) . However, it is unclear whether anti-inflammatory effects comprise one of the main protective mechanisms of TTM for PCAS (10) (11) (12) .
The aim of the present study was to investigate the potential benefits of PGE1 and TTM, with respect to anti-inflammatory effects, for I/R injury to the renal microvascular endothelium of rats with ROSC.
Materials and methods

Animals and reagents.
A total of 70 specific-pathogen free healthy male Sprague-Dawley rats (age, 12 to 14 weeks; weight, 370±20 g) were purchased from Chengdu Dashuo Biological Technology Co., Ltd. (Chengdu, China). The rats were housed under a 12/12 h light/dark cycle in a temperature-(22±2˚C) and humidity-(40 to 60%) controlled room with free access to fresh water and standard laboratory food. The procedures for animal care were approved by the Committee on the Ethics of Animal Experiments at Sichuan University (Sichuan, China).
The 
Animal model and experimental protocol.
A total of 14 rats were included in each group. Rats without VF were considered to be the Sham group (S). VF was induced in the experimental rats by transesophageal cardiac pacing with an alternating current (50 Hz, 6 mA, 4 msec) for 150 s (13, 14) . After 4 min, the rats with cardiac arrest were resuscitated with 200 times/min chest compression using a home-made animal cardiopulmonary resuscitator. ROSC for the rats was defined as the return of supraventricular rhythm with a mean aortic pressure of ≥60 mmHg for a minimum of 10 min (15) . A total of 56 rats with successful cardiopulmonary resuscitation (CPR) were established as the ROSC model and then randomly divided into 4 groups: ROSC control group (R), PGE1 group [P; 1 ml PGE1 solution was administered intravenously with a syringe pump in 1 min (high injection speed would decrease the success rate of resuscitation) ], TTM group (T; body temperature was decreased to 33±1˚C within 30 min by placing ice around the rats) and PGE1/TTM group (PT; combined treatment with PGE1 and mild hypothermia). Blood samples were drawn from the left femoral vein of 5 rats from each group at 0.5, 4 and 8 h to evaluate the concentration of TM, TNF-α and IL-6. In every group, 3 rats were sacrificed at each time point (0.5, 4 and 8 h) for VE-cadherin and VCAM-1 mRNA expression analysis with the renal tissue homogenate. At 8 h post treatment, hematoxylin and eosin (H&E) and VE-cadherin/VEGFR double fluorescent immunohistochemistry (IHC) staining was performed (Fig. 1) .
H&E staining. H&E staining was performed on tissue slides as described previously (16) . Cell edema, inflammatory cell infiltration and micro-thrombus formation were examined by microscopy using the blind method. Tubular injury was scored according to Pallor's method (17) : In total, 100 tubules from 10 different high power fields were scored. Higher scores represented more severe damage (maximum score/tubule was 10), with points given for the presence and extent of tubular epithelial cell flattening (1 point), brush border loss (1 point), cell membrane bleb formation (1 or 2 points), interstitial edema (1 point), cytoplasmic vacuolization (1 point), cell necrosis (1 or 2 points) and tubular lumen obstruction (1 or 2 points). Two technicians calculated these scores and the average values of the two sets of scores were recorded.
Fluorescent IHC staining. VE-cadherin/VEGFR double fluorescent IHC staining was performed according to the manufacturer's instructions (18) . I/R injury to the RMEC was assessed by the extent of the damage exhibited by VE-cadherin immunostaining in the majority of the renal microvascular endothelium.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Renal total RNA was extracted using the RNA prep pure kit according to manufacturer's instructions. The quantity of RNA product was determined using a UV-Visible spectrophotometer (Thermo Scientific Evolution 201; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and the ratio of 28S, 18S and 5S bands on a 2% agarose gel. Then, total RNA was reverse transcribed to cDNA using the Quant cDNA kit (Tiangen Biotech Co., Ltd.), according to the manufacturer's instructions. cDNA was used as a template for quantification of the genes of interest by their primers on the CFX-96 Touch Real-time System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The Super Real PreMix Plus (SYBR-Green) kit (Tiangen Biotech Co., Ltd.) was used for qPCR, according to the manufacturer's instructions. The thermocycling conditions for qPCR were as follows: 95˚C for 15 min, then 40 cycles of Figure 1 . Schematic of the protocol and evaluation indexes. The asterisks ( * ) indicate which experimental analyses were performed at different time point. H&E staining and VE-cadherin/VEGFR fluorescent IHC staining were evaluated at 8 h following ROSC. The expression of VE-cadherin and VCAM-1 mRNA, and the levels of TM, IL-6 and TNF-α in the plasma were analyzed at 0.5, 4 and 8 h following the induction of ROSC. ROSC, return of spontaneous circulation; R, ROSC control group; P, prostaglandin E1 group; T, target temperature management group; PT, prostaglandin E1/target temperature management group; S, sham group; VF, ventricular fibrillation; CPR, cardiopulmonary resuscitation; H&E, hematoxylin and eosin staining; VE, vascular endothelial; VEGFR, vascular endothelial growth factor receptor; IHC, immunohistochemistry; PCR, polymerase chain reaction; TM, thrombomodulin; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6.
95˚C for 10 sec, 55˚C for 20 sec and 72˚C for 30 sec. Actin served as the internal control. The primers used were as follows: VE-cadherin, forward, 5'-CAT CCG CAA GAC CAG TGA C-3' and reverse, 5'-ACC ACG TCC TTG TCT GTT GC-3'; VACM-1, forward, 5'-TAC ATT GGC ACC ATC TCA-3' and reverse, 5'-GTT CAG CAT CAG GGA GTT-3'; β-actin, forward, 5'-CCC ATC TAT GAG GGT TAC GC-3' and reverse, 5'-TTT AAT GTC ACG CAC GAT TTC-3'.
ELISA. ELISA kits were used for the evaluation of TM, TNF-α and IL-6 concentrations in the blood collected at 0.5, 4 and 8 h for each group and were performed according to manufacturer's instructions.
Statistical analysis. Data are presented as mean ± standard deviation. Comparisons between groups were analyzed by one-way analysis of variance. Comparisons between 2 groups with P<0.05 were further analyzed by Student-Newman-Keuls analysis. Using Pearson's correlation analysis, the correlation between TM peak concentration at 8 h and the concentration of TNFa, and between TM peak concentration and the concentration of IL-6 in each group was analyzed. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS 19.0 software (IBM SPSS, Armonk, NY, USA).
Results
PGE1, TTM and PGE1/TTM combined interventions demonstrate different levels of protective effects on the renal tissue of rats with ROSC.
Rat kidney sections were stained using H&E and examined using a light microscope (magnification, x400; Fig. 1 ). The morphology of the glomeruli and tubules was assessed. The normal structure was preserved in the S group, while a decrease in glomerulus size and widespread degeneration of the tubular architecture, intratubular cast formation and luminal congestion with extensive loss of the brush border were observed in the R group. The P and T groups exhibited marked improvements in histological features associated with renal injury. In the PT group, there was no significant difference when compared with the sham group (Fig. 2) .
Blind review of the specimens from different groups revealed greater tubular injury in the R group. The P and PT groups exhibited a significant protective effect; the cytoplasmic vacuolization, cellular necrosis, tubular luminal debris and obstruction were much more marked in the R group (P<0.05). Statistical analysis revealed that the PT group experienced greater benefits with respect to reductions in injury than the P and T groups (P<0.05; Fig. 3 ). The renal architecture of the PGE1 group was relatively preserved, however, tubular cell swelling and inflammatory cell infiltration were also apparent. (D) The damage to the renal tubular structure exhibited by the TTM group was markedly alleviated when compared with the ROSC control group and the degree of cell swelling appeared to be marginally improved when compared with the PGE1 group. (E) The PGE1/TTM group had the lowest degree of vacuolization and cast formation, with almost no differences to the normal tissue. ROSC, return of spontaneous circulation; PGE1, prostaglandin E1; TTM, target temperature management. Figure 3 . Tubular injury score for the R group differed from S group due to the extent of cellular necrosis, brush border loss, cell swelling and cast formation. P, T and PT groups also exhibited higher scores than the S group. Only the P and PT groups were significantly different when compared to the R group (P<0.05). There was no difference between the P and T groups. Data are presented as the mean ± standard deviation. Benefits of PGE1, TTM and PGE1/TTM combined interventions for I/R injury to the renal microvascular endothelium in rats with ROSC. The kidney is a blood vessel-rich organ. The microvascular endothelial cells are primarily present in the glomerular and peritubular capillary bed. To determine the extent of the damage caused by I/R injury to the RMEC, the pattern of VE-cadherin immunostaining was examined. Under physiological conditions, VE-cadherin immunostaining was noted along the renal microvascular endothelium. Following I/R injury, the loss of VE-cadherin immunostaining in the majority of the renal microvascular endothelium suggested a disruption of the normal junctional complex. The destruction of VE-cadherin in the P, T and PT groups was markedly decreased compared with the R group, while the PT group was similar to the sham operation group under physiological conditions (Fig. 4) .
Relative quantitative analysis of mRNA expression of VE-cadherin and VCAM-1 genes in renal tissue with different interventions was performed using RT-qPCR. In I/R injury, enhanced VE-cadherin mRNA expression was observed in the rat kidney within 8 h following ROSC. When compared to the ROSC control group, at the 0.5 and 4 h time points, the 3 intervention groups significantly slowed the rise of VE-cadherin . VE-cadherin mRNA expression. VE-cadherin mRNA levels markedly increased following return of spontaneous circulation induction and gradually declined within 8 h (P<0.05). At 0.5 and 4 h, there was a significant difference between the R group and the P, T and PT groups (P>0.05). However, there was no statistical difference between the R group and the 3 intervention groups at 8 h, although the VE-cadherin mRNA expression levels were still higher when compared to the S group. # P<0.05, vs. S group; * P<0.05 vs. R group. Data are presented as the mean ± standard deviation. S, sham group; R, return of spontaneous circulation control group; P, prostaglandin E1 group; T, target temperature management group; PT, prostaglandin E1/target temperature management group; VE, vascular endothelial. .05 vs. R group. Data are presented as the mean ± standard deviation. VCAM-1, vascular cell adhesion molecule-1; S, sham group; R, return of spontaneous circulation control group; P, prostaglandin E1 group; T, target temperature management group; PT, prostaglandin E1/target temperature management group. mRNA expression (P<0.05). However, no statistical differences were identified between these 3 intervention groups (Fig. 5) .
VCAM-1 mRNA expression was also examined to assess I/R injury to the RMEC following ROSC. When compared to the S group, all of the other groups exhibited significantly upregulated expression of VCAM-1 mRNA within 8 h (P<0.05). When VCAM-1 mRNA expression rose to the highest level at 4 h, the 3 different interventions demonstrated a marked ability to decrease the expression (P<0.05). There was no marked difference between the R group and P or T group at 8 h; however, the PT treatment did significantly reduce the mRNA expression of VCAM 1 (P<0.05; Fig. 6 ).
Circulating TM, a common early indicator of endothelial injury, was used as a cell marker in the present study. I/R injury induced a rapid increase in circulating TM concentration. All 3 of the interventions provided a protective effect, however, the PT group appeared to have a much greater advantage (Table I) .
Possible association between the benefits from 3 interventions and anti-inflammatory mechanism. TNF-α and IL-6 concentrations were chosen as the parameters for the study of the anti-inflammatory mechanism. The concentrations did not alter significantly immediately following the I/R injury and ROSC. However, they gradually increased over time and Table I . Circulating thrombomodulin concentration at different time points following the return of spontaneous circulation. When compared to the S group, the concentrations of TM were markedly higher in the R, P, T and PT groups at almost every time point ( a P<0.05), except the PT group at 8 h (P>0.05). Following ischemia/reperfusion injury, the P, T and PT groups exhibited significant differences when compared to the R group at all time points ( b P<0.05). However, there was no significant difference between the P and T groups at 0.5 and 4 h (P>0.05). By contrast, the PT group was significantly different to the P and T groups at all time points ( c,d
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P<0.05). Data are presented as the mean ± standard deviation. TM, thrombomodulin; ROSC, return of spontaneous circulation; R, ROSC control group; P, prostaglandin E1 group; T, target temperature management group; PT, prostaglandin E1/target temperature management group; S, sham group. Table II . Concentration of TNF-α and IL-6 at different time points following the return of spontaneous circulation. P<0.05 vs. T group. At 0.5 h following ROSC induction, no significant differences were identified in TNF-α or IL-6 concentrations. At 4 h, the TNF-α concentration in the R, P, T and PT groups, and the IL-6 concentration in the R group significantly increased when compared to the S group ( a P<0.05). However, the P, T and PT groups exhibited significantly lower concentrations of TNF-α at 4 h when compared to the R group ( b P<0.05). At 8 h, neither the concentration of TNF-α or IL-6 in the PT group was significantly different to that of the S group (P>0.05). Data are presented as the mean ± standard deviation. TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; ROSC, return of spontaneous circulation; R, ROSC control group; P, prostaglandin E1 group; T, target temperature management group; PT, prostaglandin E1/target temperature management group; S, sham group.
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peaked at 8 h. The 3 interventions provided beneficial effects by preventing the elevation of TNF-α concentration following 4 h. However, only the PT group demonstrated a much greater protective effect in TNF-α and IL-6 when compared with the other groups at 8 h (Table II) .
Statistical analysis demonstrated that, at 8 h, I/R injury generated peak levels of circulating TM, TNF-α and IL-6 concentrations, and the interventions simultaneously induced the most significant effects. Pearson's correlation analysis demonstrated that peak TM levels were significantly associated with peak levels of TNF-α and IL-6 concentrations (Fig. 7) .
Discussion
The majority of studies on organ dysfunction following resuscitation from CA have focused on the brain and heart. The prevalence of extra-cerebral or cardiac organ injury and its impact on outcomes has been less well-characterized. A previous study highlighted acute kidney injury (AKI) in patients with CA; the frequency of AKI development following CA ranged from 12 to 43% and >75% of these episodes occurred within 3 days following CA (19) . Following more in-depth research, a number of controversies arose regarding some aspects, including whether AKI has an impact on hospital survival rates (20, 21) and whether AKI is associated with a lower probability of favorable neurological outcomes (19, 22) . In the present study, RMEC was chosen as the target as the kidney is rich in micro-vessels and endothelial involvement in CPR as a primary or secondary target has been described previously in animal models and human patients (2) .
Following ROSC, the systemic I/R response may lead to PCAS, which is characterized by the activation of immunological and coagulation pathways, and the release of inflammatory mediators, all of which lead to tissue hypoperfusion and multiple organ dysfunction (3). Specifically, systemic inflammation promotes disorders in the microcirculation due to metabolic imbalance, leukocyte activation, endothelial toxicity, and impairment of mitochondrial respiratory chain activity (23) . Increases in pro-inflammatory cytokines and soluble receptors have been reported in patients h following resuscitation from CA (24) . TNF-α and IL-6 are involved in systemic inflammation and stimulate the acute phase reaction. They are primarily involved in the regulation of immune cells and are also implicated in the induction of fever, apoptosis and the inhibition of cellular reproduction (25) . Consistent with the present study, the immediate reperfusion period after ROSC following CA has previously been revealed to be characterized by an abrupt increase in plasma TNF-α and IL-6 (26) . A previous study reported that early IL-6 levels are strongly associated with mortality and appear to be excellent predictors of the outcome of CA (12) . However, the use of inflammation biomarkers as an indicator following CA is limited due to their poor specificity for I/R injury and their exact mechanism and association with extensive endothelial damage is still unclear. The present study used TM to associate the inflammation markers with endothelial injury. TM is a transmembrane glycoprotein expressed on the surface of all vascular endothelial cells. Expression of TM is tightly regulated to maintain homeostasis and to ensure a rapid and localized hemostatic and inflammatory response to injury (27) . The results of the correlation analysis revealed that the peak TM levels and the peak levels of the TNF-α and IL-6 concentrations are positively associated. This may indicate that the inflammatory response is the pathway for endothelial I/R injury in the early stages following ROSC. Therefore, anti-inflammatory interventions may be effective therapeutic strategies.
PGE1 is rarely used in PCAS patients, however, its anti-inflammatory effect has been confirmed in other I/R injury models, particularly in the kidney (28) . Recent studies have indicated that PGE1 may have a protective role as it blocks chemoattractant factors and weakens leukocyte adhesion to the microvascular endothelium, with lower tissue expression of some inflammatory markers involved in this process, potentially leading to cytoprotective activity (29, 30) . The pathomorphological and ELISA results demonstrated that PGE1 reduced I/R injury to the RMEC following ROSC and markedly inhibited the release of TM (at 3 time points) and TNF-α (at 4 and 8 h). In addition, the results from the VE-cadherin and VCAM-1 mRNA expression analysis indicated that PGE1 was able to effectively inhibit the rapid elevation of this mRNA expression, which may imply the endogenous compensatory requirements for rapid and severe I/R damage to the endothelial cell junction (31) .
TTM is already a fundamental part of the treatment for unconscious survivors of OHCA due to landmark studies that concluded that mild hypothermia (32-34˚C) improved survival and neurological outcome (9,32,33). As survivors of OHCA exhibit a 'sepsis like syndrome' (3), anti-inflammation effects are thought to be a potential mechanism of TTM (34) . In the present study, TTM alleviated I/R injury to the RMEC, decreased VE-cadherin and VCAM-1 mRNA expression, and suppressed the circulating TM concentration, which is similar to PGE1. However, TTM did not exhibit an apparent influence on inflammation biomarkers as there was no significant difference between the ROSC group and TTM group during the majority of the present study, except for the altered TNF-α levels at 4 h. This may support the idea that TTM has a protective effect with respect to I/R injury to the endothelium, however, further research is required to confirm whether anti-inflammatory effects are the exact mechanism by which TTM improves the outcome during the early stages of ROSC.
The present study focused on the combined intervention of PGE1 and TTM. To the best of our knowledge, this has not been studied previously. A number of medications are normally given to patients with PCAS, in the same way they are for any other critically ill patient. The influence of body temperature on physicochemical properties of drug disposition, potentially contributing to drug-therapy and drug-disease interaction, should be considered when TTM is used for PCAS (35) . The results demonstrated that the PGE1/TTM combined intervention had more beneficial effects compared with the single interventions in protecting the RMEC from I/R injury in CA, with significant inhibition of VE-cadherin protein loss, rapid promotion of VCAM-1 mRNA expression and TM release. Only TTM/PGE1 combined interventions effectively reduced the concentration of TNF-α and IL-6 at 8 h, producing similar results to the sham operation group. TTM and PGE1 interventions alone did not achieve this effect.
Due to limitations in experimental facilities, the present study used an alternating current delivered through transesophageal cardiac pacing instead of delivery to the classic right ventricular endocardium to induce the VF. The present study therefore differs from others to some extent with respect to current stimulation parameters and VF duration time. Further research is required to determine the response of proteins by using quantitative analysis.
In conclusion, the present study considered RMEC to be a useful indicator of general I/R injury following ROSC. Anti-inflammatory interventions may be one of the most promising options for future endothelial I/R injury treatment in the early phase of PCAS. The PGE1 and TTM interventions had protective effects with respect to I/R injury to the RMEC, while PGE1 exhibited a greater impact on inflammation markers than TTM. The PGE1/TTM combined intervention may exhibit an improved synergistic effect as an anti-inflammatory treatment compared with the single interventions.
